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ten-m (odz) is the only pair-rule gene discovered in Drosophila that encodes a transmembrane protein and not a transcription factor.
The vertebrate Ten-m orthologues have been implicated in pattern formation and neuronal development. To investigate the role of this
protein in development, we characterize here the structure and function of the Caenorhabditis elegans orthologue ten-1. We found that
two promoters control the expression of two different ten-1 transcripts. This results in the expression of type II transmembrane protein
variants differing in their intracellular domains. Both ten-1 transcripts show complex, but distinct, expression patterns during
development and in the adult. Interference with Ten-1 expression by RNAi experiments leads to multiple phenotypes resulting in
defects in hypodermal cell migration, neuronal migration, pathfinding and fasciculation, distal tip cell migration, the establishment of
the somatic gonad, and gametogenesis. The RNAi phenotypes were confirmed by the analysis of a deletion mutant which revealed that
Ten-1 is essential for somatic gonad formation. The intracellular domain of the long form was detected at the cell membrane and in
the nucleus. We propose that Ten-1 acts as a receptor for morphogenetic cue(s) and directly signals to the nucleus by translocation of
its intracellular domain to the nucleus following its proteolytic release from the cell membrane.
D 2005 Elsevier Inc. All rights reserved.
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Cell–cell interactions are crucial determinants regula-
ting the development of multicellular organisms. Despite
of the great number of cell types and different organs in
animals, only few signaling pathways are involved in
their generation. They include Hedgehog, Wnt, TGF-h,
receptor tyrosine kinase, nuclear receptor, Jak/STAT, and
Notch pathways (Barolo and Posakony, 2002). The same
signaling pathways are used repeatedly throughout the
development of an organism. For example, the Notch
receptor originally discovered in Drosophila is involved
in cell specification in the central and peripheral nervous0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: chiquet@fmi.ch (R. Chiquet-Ehrismann).system, oogenesis, spermatogenesis, myogenesis, heart
formation, and imaginal disc formation (for reviews, see
Artavanis-Tsakonas et al., 1999; Greenwald, 1998). In C.
elegans, the Notch orthologues Lin-12 and Glp-1 are
involved in induction of germ line mitosis, blastomere
specification in early embryos, AC/VU cell specification
in the somatic gonad, vulva precursor cells, and uterine
cell specification (for reviews, see Greenwald, 1998;
Kimble and Simpson, 1997). The basic mechanism of
signaling by Notch is conserved from Drosophila to man
and disturbances in Notch-mediated signaling processes
are involved in cancer as well as neurological diseases
(Joutel and Tournier-Lasserve, 1998). The invertebrate
animal models Drosophila and C. elegans have been
used successfully to identify molecular mechanisms
underlying cell–cell interactions and many important282 (2005) 27–38
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covered thanks to these model organisms (Baumeister and
Ge, 2002; Lambie, 2002; Lehmann, 2001; Livingston and
Wilt, 1993).
The Drosophila gene ten-a was originally identified
based on the presence of tenascin-type EGF-like repeats
(Baumgartner and Chiquet-Ehrismann, 1993). The ten-a
expression pattern suggests an important function during
development. A peak of ten-a mRNA accumulation is
seen during embryogenesis and the expression level
declines during larval and pupal stages, though transcripts
remain detectable in the eye and brain of pupae
(Baumgartner and Chiquet-Ehrismann, 1993). By immu-
nostaining, the major site of ten-a expression was found to
be at muscle attachment sites and in the developing central
nervous system (Fascetti and Baumgartner, 2002). Origi-
nally, a partial cDNA for Ten-a was reported (Baumgart-
ner and Chiquet-Ehrismann, 1993), but by analysis of the
genomic region harboring the ten-a gene a complete
transcript could be predicted (Minet and Chiquet-Ehris-
mann, 2000). The expression of this long form of Ten-a was
confirmed by Fascetti and Baumgartner (2002). The Ten-a
protein is highly similar to a second Drosophila protein
named Ten-m (Baumgartner et al., 1994) which was
independently described also as Odd oz or odz (Levine
et al., 1994).
Interestingly, ten-m/odz is a pair-rule gene (Baum-
gartner et al., 1994; Levine et al., 1994). Pair-rule genes
are required for the regulation of the segmental pattern
formation in Drosophila embryogenesis. They encode
transcription factors regulating the expression of the seg-
ment polarity genes. Thus, it is intriguing to find a cell
surface protein that belongs to the class of pair-rule genes.
Since ten-m/odz mutants of Drosophila are embryonic
lethal, a potential function of ten-m in later development
cannot easily be addressed. However, the expression
patterns in the developing embryos and the adult fly suggest
further important activities of this protein in later develop-
mental processes as well. Its presence often coincides with
locations of morphogenetic cell movements, e.g., during
gastrulation, the development of the tracheal system, on
pioneering axons, and in the developing eye (Baumgartner
et al., 1994; Levine et al., 1994, 1997).
Vertebrate genomes contain four ten-a/ten-m homo-
logues, termed ten-m1–4 (Oohashi et al., 1999), odz1–4
(Ben-Zur et al., 2000), or teneurin 1–4 (Minet and
Chiquet-Ehrismann, 2000). Since this protein family is
conserved in metazoans and in the chicken is expressed
at locations known to deliver morphogenetic cues (Tucker
et al., 2000, 2001), it is reasonable to predict that it
fulfils fundamentally important functions conserved
throughout metazoan development. We therefore decided
to characterize the ten-a/ten-m orthologue of C. elegans,
which we named ten-1, and to analyze its function by
interfering with Ten-1 expression by gene deletion and by
RNA interference experiments.Materials and methods
General methods and strains
C. elegans strains were cultured at 208C as described in
Brenner (1974). Wild type refers to C. elegans variety
Bristol, strain N2. VC518 [ten-1 (ok641)] was obtained
from the C. elegans Knockout Consortium and backcrossed
10 times before further analysis. Flanking positions of the
deletion are R13F6 coordinates 4938/7069 resulting in
the sequence read at the break position of GAATCTTG-
TGGTTCAAGACT/TACAATTGCATCAGCAAAA. Fur-
thermore, the following strains were used: NL2099 [rrf-
3(pk1426)], NL2098 [rrf-1(pk1417)], SU93 [(jcIs1 IV)
jam-1DGFP], RU7 [ten-1aDGFP], RU9 [ten-1bDGFP],
RU85 [SU93 jam-1DGFP, rrf-3], RU86 [ten-1aDGFP,
rrf-3], RU87 [ten-1bDGFP, rrf-3], RU91 [ten-1aDGFP
ten-1 (ok641)], RU92 [ten-1 (ok641), ten-1bDGFP], RU93
[ten-1 (ok641) lim-7DGFP + rol-6(su1006)], RU95 [ten-1
(ok641), F36A3 (III)].
cDNA analysis and DNA constructions
Molecular cloning procedures were performed according
to standard methods (Sambrook et al., 1989). cDNA
fragments were prepared by RT-PCR using Superscript II
RNaseH() reverse transcriptase (Life Technologies) from
mRNA isolated from mixed stage worms. The entire ten-1
cDNA was amplified in overlapping pieces with Expand
HiFi polymerase (Roche) using the following primers:
CATACGTCTGGAGGAGCACCG/TTGAATTGGCAAT-
GACTCGAAG; and TCTGATTCTTCTCGAATTGTCG/
ATTTTCATCAGGTGTTGTCGAC; ACAATTCAA-
ACCGTCTTACTG/CTATTCAGATTTTCGGAACTTCC.
The 5V cDNA ends were amplified using SL1 as a 5V primer
and the gene-specific primer AGCACGTGTCGCTAT-
CGTCG. The PCR products were cloned, sequenced, and
assembled into the full-length ten-1 coding sequences
including the 5V UTRs of 8120 bp encoding Ten-1L and
7626 bp encoding Ten-1S. These sequences were submitted
to the DDB/EMBL/GenBank databases under accession
numbers AB206835 and AB206836, respectively. Con-
served motifs and protein domain were searched for using
the program Motif Scan at http://myhits.isb-sib.ch.
4 kb of the upstream promoter was amplified with the
primers CATTGGTCAATTGGCGCGCCCATTCGCA-
GACG and ATTAGGCGGTGGGGGTACCGCATTCG
and cloned into the AscI/KpnI sites of pPD117.01 (gift of
A. Fire). 3 kb of the downstream promoter was amplified
with the primers GAATTCGCATGCAAATGTGAAG-
CATG and CCACCAGGTACCGGATCACCATTGTTC
and cloned into the SphI/KpnI sites of pPD117.28 (gift of
A. Fire).
DNA encoding the long intracellular domain was
amplified with the primers CAGAGTGCGGCCGCCCGT-
GCGTTTCG and GGCTAGGAATTCATTCCATTTG-
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amplified with the primers TTACAATTTTTCAGGCGG-
CCGCAAGTTGGC and GGCTAGGAATTCATTCCATTT-
GGATGG. Both fragments were cloned into the SphI/
KpnI sites of pPD118.28 (from A. Fire) to create trans-
lational fusions with GFP under the heat shock promoter
hsp16.2.
Transgenic animals
Transgenic animals were generated by microinjection of
DNA into the distal arms of gonads as described (Mello
et al., 1991). GFP-promoter constructs were injected at a
concentration of 1 ng/Al along with 50 ng/Al PvuII-digested
worm genomic DNA. Heat shock promoter-driven con-
structs were injected at a concentration of 10 ng/Al together
with 90 ng/Al pRF4. The heat shock was induced by placing
worms at 338C for 20 min in M9 buffer. VC518 (ok641)
was rescued by injecting the cosmid F36A3 at a concen-
tration of 5 ng/Al together with 10 ng/Al of pPD and 90 ng/Al
of pBluescript (Stratagene).
RNAi
A cDNA fragment corresponding to the upstream
promoter-specific transcript was amplified with the primers
ACCGTTACCTCATCCATCAG and CGTTGTCCAGAT-
GCTGGTGAG. Three fragments of cDNAs corresponding
to the common transcripts were amplified with the primers
ACCGTTACTAAGCCTGCACG and TTACATGATC-
CATCCGATGC and all DNA fragments were cloned into
pBluescript II (Stratagene). RNA was synthesized and
purified using the MEGAscript kit (Ambion) according to
the manufacturer’s protocol. After transcription, single-
stranded RNA molecules were annealed and prepared for
microinjection. Ten-1 RNAi was injected at a concentration
of 1 Ag/Al. Injected worms were transferred to new plates
once a day and the brood size was counted. Embryos were
considered dead if they did not hatch within 12 h after
removal of the mother.
Antibody production, immunofluorescence, and microscopy
Anti-Ten-1 antibodies were raised against the Ten-1-
specific peptides from the N-terminus of the long variant
(MFQHRTTNAQGPPPNRPMPR) and the common C-
terminus (PAHQSGLLASVHSWKFRKSE). The peptides
were synthesized and the rabbits immunized at Neosystem
(Strasbourg, France). All sera were affinity purified using
the respective peptide-coupled columns. Peptides were
coupled to CH-activated Sepharose (Amersham Bioscien-
ces) according to the manufacturer’s protocol. Purified
antibodies recognize on Western blots a single band of
overexpressed protein in worm extracts. We were, however,
not able to detect the endogenous protein on Western blots.
In contrast, by immunofluorescence, we were able to detectendogenous Ten-1 protein and this staining was abolished
by the inclusion of the respective peptides used for
immunization. For immunofluorescence, embryos were
fixed with 3% formaldehyde in PBS for 30 min. Fluorescent
and Nomarski images were obtained with a Zeiss axioscope
microscope. Confocal images were acquired with an
Olympus Fluoview FV500 microscope.Results
A single C. elegans ten-1 gene with two promoters
The C. elegans genome contains only one gene homo-
logous to the ten-a and ten-m genes of Drosophila. It is
located on the left arm of chromosome III and was mapped
to the cosmid R16F6. The entire cDNA encoding Ten-1 was
cloned and sequenced using mRNA isolated from mixed
stage worms (as described in Materials and methods). We
found a few small discrepancies to the entry in Wormbase
due to errors in the prediction of exon/intron junctions and a
major discrepancy at the 5V end (described below). We
determined the transcription start by a 5V RACE analysis
using splice leader 1 (SL1) as the 5V primer and a ten-1-
specific oligonucleotide as the 3V primer. The RT-PCR
reaction using mixed stage mRNA as template resulted in
two products differing in size. By sequencing these bands,
two different cDNA species could be identified. One of
them corresponded with a minor difference at the 5V end to
the transcription start of the predicted open reading frame
R16F6.4 and the other one contained in addition the
predicted open reading frame F28F5.1 together with
a newly discovered exon as depicted in Fig. 1A. Thus, the
ten-1 gene is under the control of alternative promoters, ten-
1a and ten-1b, resulting in two different transcripts that
encode two Ten-1 proteins (Fig. 1B). The long form (Ten-
1L; accession number XXXXX) contains N-terminal to a
predicted transmembrane sequence an intracellular domain
of 218 aa, whereas the short form (Ten-1S; Accession
number XXXXX) starts with the membrane-proximal 36 aa
that is common between both variants. The intracellular
sequences do not show homology to any domains found in
other proteins but the long form harbors a proline-rich
stretch at the N-terminus and a potential bipartite nuclear
localization signal. C. elegans Ten-1 has a predicted
transmembrane domain. This suggests that Ten-1 is a type
II transmembrane protein which has been experimentally
confirmed for chicken teneurin-2 (Rubin et al., 1999). The
extracellular part is highly homologous to all vertebrate
and Drosophila teneurins and harbors 8 EGF-like repeats.
They are followed by a region with conserved cysteines.
The C-terminal part of Ten-1 is composed of YD repeats.
These short repeats are highly similar to repeats found in the
rhs elements of E. coli as noticed in previous work (Minet
and Chiquet-Ehrismann, 2000; Minet et al., 1999). Two
potential furin cleavage sites could be located at a distance
Fig. 1. Gene and protein structure of ten-1. (A) Exon–intron organization of the ten-1 gene and indication of the two transcription and translation initiation sites
from the upstream (ten-1a) and downstream (ten1b) promoters, respectively. The positions of the deletion in the ten-1 (ok641) mutant and RNAi probes are
indicated. (B) Model of the Ten-1 proteins. The two alternative N-termini are represented by arrows indicating the beginning of the protein Ten1l and Ten1s,
respectively. Protein domains are explained in the legend below the model (boxed). (C) Models of the Ten-1 intracellular domain-GFP constructs expressed
under the heat shock promoter.
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1B), near the site of an experimentally confirmed furin
cleavage site in vertebrate teneurin-2 (Rubin et al., 1999).
The two forms of Ten-1 have distinct expression patterns
We first analyzed the expression pattern of the ten-1 gene
by promoter-GFP translational fusions (Fig. 2). In the
embryo, the upstream promoter (ten-1a) is most active in
the descendants of the C and EMS blastomers (Figs. 2A and
B). During postembryonic development, GFP expression
was detected in the pharynx, gut, coelomocytes, posterior
body wall muscles, vulva muscles in hermaphrodites, and
diagonal muscles in males (Figs. 2C–F). The ten-1a
promoter is also active in some hypodermal cells including
the hyp-11 cell, hypodermal seam cells, and rectal hypo-
dermis. In the somatic gonad, it is active throughout its
development starting with z1 and z4 cells in the embryo
(Figs. 2A and C). During gonad development, it is
expressed in the distal tip cells and the linker cell in males,
in gonad and spermatheca sheath cells, and the utse cells of
the uterus. In males, ten-1a is active in the vas deferens and
spicule socket cells. Furthermore, GFP expression in DVB
neurons and a few ring interneurons could be detected.
In the embryo, the downstream promoter (ten-1b) is most
active in the descendants of the ABp cell and in the
hypodermis (Figs. 2G and H). The dorsal hypodermal cells
and the ventral leader cells were most prominently labeled
(Figs. 2G and H). During postembryonic development, GFPfluorescence was visible in specialized epithelial cells
including the arcade cells of the anterior end and the
excretory duct. Ten-1b is also active in a subset of neurons
including CAN and HSN neurons as well as neurons of the
lumbar and retro-vesicular ganglion and some nerve ring
interneurons (Figs. 2I–K). In males, GFP fluorescence is
also visible in R8 and R9 ray neurons (Fig. 2K).
In summary, the ten-1a promotor resulting in the
expression of the Ten-1L protein is mainly active in
mesoderm whereas the ten-1b promoter that regulates the
transcript encoding the short Ten-1S variant is more highly
expressed in ectoderm.
RNA interference affects morphogenesis of the hypodermis,
somatic gonad formation, and neuronal migration and
pathfinding
To analyze the phenotype of Ten-1-deficient worms,
we performed RNA interference experiments (Fire et al.,
1998). Worms were injected with double-stranded RNA
directed against the ten-1a transcript or with a probe
common to both transcripts (cf. Fig. 1). Injection of
either probe into wild-type N2 worms resulted in low and
variable penetrance phenotypes. Injecting the RNAi
hypersensitive rrf-3 strain (Simmer et al., 2002) resulted
in the same phenotypes at greater but still variable
penetrance. Interference with the ten-1a-specific transcript
caused defects in germ line development and somatic
gonad formation while interference with both transcripts
Fig. 2. Ten-1 expression patterns. The ten-1a promoter-GFP translational fusion protein is predominately expressed in the mesoderm (A–F). At the 1.5-fold
stage, pharynx, gut, and somatic gonad precursor cells are labeled and the z1 and z4 cells are indicated by a double arrow (A). The interference contrast picture
of the same embryo is shown in B. In the L1 larvae, the pharynx, some gut cells, hyp11, and precursors of the somatic gonad show fluorescence and the z1 and
z4 cells are indicated by a double arrow (C); in a ventral view of an L4 larvae, some neurons in the nerve ring are labeled and the anchor cell flanked by the
vulva muscle precursors is pointed out by an arrowhead and the distal tip cells by arrows (D). In the adult hermaphrodite, fluorescence is seen in the pharynx,
some nerve ring neurons, the distal tip cells, the vulva muscles, and a coelomocyte is indicated by an arrowhead (E). In the adult male, in addition to the same
expression pattern in the head region as the hermaphrodite, the vas deferens (arrowhead), diagonal muscles (arrow), and spicule sheath cells are labeled (F). The
ten-1a promoter-GFP translational fusion protein is predominately expressed in the ectoderm (G–K). At the 1.5-fold stage, hypodermal cells are strongly
labeled (G). The interference contrast picture of the same embryo is shown in H. In the L1 larvae, neurons in the nerve ring and tail are strongly stained (I); in
the adult hermaphrodite, predominant staining is seen in neurons of the nerve ring and the tail connected by the ventral nerve cord (J). In the adult male, a
similar pattern as in the hermaphrodite is seen with the addition of some male-specific neurons in the tail (K).
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described below.
rrf-3 worms injected with RNAi directed against both
transcripts had significantly less progeny than control
animals, and this decrease in F1 progeny could be rescued
by mating with rrf-3 males. The progeny of rrf-3 worms
injected with the ten-1a-specific RNAi showed 15 F 5%
embryonic lethality whereas the lethality increased to 58 F
8% after injection of RNAi directed against both transcripts.
In control experiments with RNAi against a GFP transcript,
no increased lethality in the offspring of injected worms was
observed. The data of this analysis are presented in Table 1.
To determine whether Ten-1 acts cell autonomously or non-
autonomously in sperm development, we injected rrf-1
worms known to be defective in somatic RNAi (Sijen et al.,
2001). There was no significant difference in the number of
progeny of injected worms using ten-1 or GFP RNAi (Table
1). This is, however, no proof of non-autonomous action of
Ten-1 in sperm development because rrf-1 mutant worms are
not hypersensitive in the germ line and are expected to react
as wild-type worms that show a mild phenotype. Further-
more, the somatic gonad is already developed at the time of
injection and ten-1 is expressed in developing sperm.
The embryonic lethality of worms injected with RNAi
against both ten-1 transcripts most likely resulted from
abnormal embryonic elongation due to hypodermal cell
migration defects as can be seen in Fig. 3A. Surviving
embryos hatched as variably abnormal larvae (Fig. 3B). To
visualize better the effect of ten-1 RNAi on hypodermal cell
migration, we injected dsRNA into su93 worms expressing
a Jam-1-GFP fusion (Mohler et al., 1998) in a rrf-3
background. The hypodermal cells failed to migrate
correctly and acquired disorganized and aberrant shapes
(Figs. 3E–G). The posterior part of the body was more
strongly affected (Figs. 3B and G) and also the morphology
of the rays in the male tail was aberrant (Fig. 3C).
Furthermore, the distal tip cell sometimes meandered
resulting in severely disturbed gonad migration (Fig. 3H).
Often worms had few or no sperm (Fig. 3J) or existing
sperm was pushed to the uterus by ovulating oocytes (not
shown). Endomitotic oocytes developed in the uterus and
gonad probably due to malfunction of the sheath cells and
lack of sperm (Fig. 3I). Due to the mispositioning and/or
malfunction of the gonad and spermatheca sheath cells,
oocytes ruptured during ovulation (Fig. 3J). In addition, we
noticed that some worms were constipated and that the gut
was often translucent suggesting abnormalities in gut
function (not shown).Table 1
RNA interference in rff-3 and rrf-1 worms
RNAi injected F0 progeny Embryonic lethality F1 progen
Ten-1a specific 115 F 35, n = 12 15 F 5%, n = 1379 84 F 33
Common probe 68 F 21, n = 19 58 F 8%, n = 1227 83 F 38
GFP 140 F 31, n = 17 3 F 2%, n = 2242 156 F 23
* Only progeny of worms that survived throughout the experiment was taken inTo visualize better the effect of ten-1 RNAi on somatic
gonad development, we crossed rrf-3 worms with worms
expressing the ten-1a promoter GFP translational fusion
construct and injected them with RNAi. In more severe
cases, somatic gonad cells did not envelop the gonad and
often remained as an isolated group of cells (Figs. 3M
and N). As a consequence, germ cells spread throughout the
body cavity and no mature oocytes and sperm developed as
can be seen in the corresponding interference contrast
picture (Fig. 4N). In addition, vulva muscles were often
mispositioned or they did not attach to the body wall or to
the vulva (Figs. 3M and N). Worms often burst through the
vulva. This is likely a consequence of aberrant vulva-uterine
connection and/or malformation of the vulva muscles since
the Ten-1a promoter is active both in utse and vulva muscle
cells.
The effect of ten-1 RNAi on neuronal development was
addressed by injecting rrf-3 worms carrying the ten-1b-GFP
promoter construct. As a consequence, the migration of
certain neurons was aberrant (Figs. 4A and F). Furthermore,
axonal pathfinding of some of the neurons was disturbed
and they extended axons in the wrong direction and
sometimes made loops and early turns (Figs. 4C, G,
and H). Abnormalities of the ventral cord became obvious
and sometimes the integrity of the ventral cord was lost (Fig.
4D) or the axons of the ventral cord were defasciculated
(Figs. 4I–K).
The ten-1 (ok641) deletion mutant shows abnormal somatic
gonad development and a tumorous germline
To confirm the phenotypes of ten-1 knock-down by
RNAi, we analyzed the phenotype of a ten-1 deletion
mutant. The strain obtained from the C. elegans Knock-
out Consortium, VC518 (ok641), carries an in-frame
deletion of 2130 bp/675 aa removing 4 EGF-like repeats
and a part of the cysteine-rich region. This is not a null
mutation. The mRNA is expressed at a similar level as
the wild-type transcript (data not shown). The mutant
protein seems to have a dominant-negative effect, since
more than 30% of the heterozygous worms show one or
more of the phenotypes mentioned below (Table 2).
Homozygous ten-1 deletion worms show a variable
phenotype including embryos arresting during elongation
(Fig. 5A). 26% of worms die during larval development.
39% of worms were sterile and 15% burst through the
vulva (n = 175). The most prominent phenotype was
observed in the development of the somatic gonad. They rrf-1 early L4 rrf-1 early L4 mated with wt males
*, n = 15
*, n = 19 60 F 12, n = 17 372 F 96, n = 12
, n = 19 384 F 41, n = 11
to account.
Fig. 3. Depletion of Ten-1 protein by RNAi results in severe morphological defects. The following phenotypes were observed in rrf-3 worms injected with
RNAi against both ten-1 transcripts (A–C and H–J) in rrf-3 worms crossed with the Jam-1-GFP-expressing worms RU85 [SU93 jam-1DGFP, rrf-3] (D–G)
or in rrf3 worms crossed with the ten1a promoter GFP worms RU86 [ten-1aDGFP, rrf-3] (K–N): embryos arrested during elongation (A); variable
abnormal larvae (B); malformed rays in the male tail (C); disorganized and aberrant shapes of hypodermal cells (E–G) as compared to the non-injected
embryo (D); the distal tip cell with a bconfused migrationQ phenotype and the path is marked by a white line (H); endomitotic oocytes develop in the gonad
(arrow) and in the uterus (arrowhead) as can be seen by DAPI staining (I); oocyte rupture during ovulation and a ruptured oocyte in the gonad is indicated
by an arrow and in the spermatheca by an arrowhead (J); the sheath cells of the gonad form clumps (arrow in M) and as a result the germline fills the body
cavity (N, same field as M); the vulva muscles do not attach to the vulva nor to the body wall (arrowheads in M) in comparison to the non-injected RU86
[ten-1aDGFP, rrf-3] worm (K and L).
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The worms have little or no sperm. Several ovulation
defects have been observed: oocyte rupture during
ovulation, endomitotic oocytes form in the gonad arm
and in the uterus, and embryos develop in the gonad
arm. The gonad loses its integrity and germ cells fill the
worm (Fig. 5B). In addition to the two gonad arms, a
tumorous germline forms around the vulva (Figs. 5Eand H). In 20% of mutant worms, the somatic gonad
develops normally and embryos do not burst through the
vulva. These worms have a similar brood size as wild-
type worms. To better visualize the effect of the ten-1
deletion, we crossed the ten-1 (ok641) mutant with
worms expressing GFP under the lim-7 promoter to label
somatic gonad sheath cells. This revealed that the sheath
cells developed but often formed clumps and did not
Fig. 4. Depletion of Ten-1 protein results in severe neuronal defects. To visualize neuronal phenotypes, rrf-3 worms were crossed with ten-1b promoter GFP
worms (RU 87 [ten-1bDGFP, rrf-3]) and injected with RNAi against both ten-1 transcripts (A–K). Neuronal migration defects are visible (arrows in A and F).
The integrity of the ventral cord is disrupted (arrow in D) along with defects in the posterior hypodermis of the same animals shown by interference contrast
(arrows in B and E). Axonal pathfinding is defective and axons meander randomly (arrows in C, G, and H). The axons in the ventral cord defasciculate (I and J),
as can be appreciated when compared to the ventral cord of a non-injected worm (K).
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germline tumors, these were partially covered by sheath
cells as well (Figs. 5D–G). To visualize a potential effect
of the ten-1 (ok641) deletion on neuronal development,
we crossed this mutant with RU9 [ten-1bDGFP] worms.
The morphology and pathfinding of some neurons were
clearly abnormal (Fig. 5H).
We were able to partially rescue the ten-1 (ok641)
phenotype by injecting the cosmid F36A3 carrying the
entire genomic region of the ten-1 gene (A. Coulson,
personal communication). Worms carrying the F36A3
cosmid showed reduced larval lethality. None of the rescued
worms burst through the vulva nor exhibited a tumorous
germline (Table 2).The long cytoplasmic domain of Ten-1 can be detected in
nuclei
We raised antibodies against both the N- (anti-N) and
the C-terminal peptides (anti-C) of the mature long form of
the Ten-1 protein. The anti-N antiserum is recognizing the
long form exclusively whereas the anti-C antibody is
expected to recognize both Ten-1 variants. Antibody
staining revealed that Ten-1 is expressed ubiquitously in
early embryos (Figs. 6A–F). This result was confirmed by
in situ hybridization (not shown). We used antibodies
against the N-terminus of the long Ten-1L variant (anti-N)
and against the common C-terminus of both protein
variants (anti-C). Anti-C stained all membranes while
Table 2
Phenotypes and rescue of ten-1 deletion worms
N2,
n = 20
Ten-1F,
n = 100
VC518
(ok641),
n = 175
RU95
[(ok641)
F36A3],
n = 217
Embryonic
lethality (%)
0 5 5 5
Larval
lethality (%)
0 16 25 10
Sterile (%) 0 10 37 3
Burst through
the vulva (%)
0 3 11 0
Fertile, viable (%) 100 66 22 82
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Ten-1-expressing cells. Within the nucleus, the Ten-1
staining was punctuate (Fig. 6I). The nuclear staining
was particularly prevalent in cells lining the gut where
anti-C stained the cell membranes and anti-N stained
predominantly the nuclei (Figs. 6G and H). These findings
led us to speculate that the endogenous Ten-1 might
normally be proteolytically processed and that the trans-
location of the intracellular domain could be a physiolo-
gical process in Ten-1 signaling. The nuclear translocation
of the long intracellular domain of Ten-1 could be
confirmed by overexpression of both intracellular domains
as GFP fusion proteins under a heat shock promoter.
Transient expression of these constructs revealed no
difference between a cytoplasmic GFP and a fusion
between the short intracellular domain and GFP. Both
constructs resulted in the same cytoplasmic fluorescence
(Figs. 6J and K). However, the fusion construct between
the long intracellular domain and the same GFP accumu-
lated in the nuclei of the cells (Fig. 6L). Also in this case,
the nuclear staining was punctuate, in contrast to that seen
following the expression of a GFP containing a standard
nuclear localization signal resulting in homogeneous
nuclear staining (Fig. 6M).Fig. 5. VC518 (ok641) ten-1 deletion mutants show severe morphological
defects. Embryos arrest during the elongation stage (A). The gonad looses
its integrity, the germline (arrowhead) fills the body cavity, tumorous
germline forms, and the worms have a protruding vulva indicated by a star
(B). The gonad fails to turn and extends to the head (arrowhead) and a
ruptured oocyte (arrow) is seen in the spermatheca (C). To visualize the
gonad sheath cells, ok641 worms were crossed with lim-7DGFP-expressing
worms (D–G). Tumorous germline (arrowheads) forms in the proximity of
the vulva (E and G). These additional germ cells are partially covered by
gonadal sheath cells seen by GFP fluorescence in the same worms (arrows
in D and F). To visualize neuronal phenotypes, ok641 worms were crossed
with ten-1b promoter GFP worms (RU 87 [ten-1bDGFP]). Axonal
migration defects are indicated by an arrow (H).Discussion
The ten-1 gene encodes two variants of Ten-1 proteins
In this work, we have characterized the gene structure,
the expression pattern, and the function of ten-1 in C.
elegans. ten-1 is the single C. elegans orthologue of the
two Drosophila genes ten-a (Baumgartner and Chiquet-
Ehrismann, 1993; Fascetti and Baumgartner, 2002; Minet
and Chiquet-Ehrismann, 2000) and ten-m/odz (Baumgart-
ner et al., 1994). The overall structure of the Ten-1 protein
is conserved throughout phyla along the entire length of the
protein. The most highly conserved region contains EGF-
like repeats. Proline-rich sequences are present in the
intracellular domains of C. elegans, Drosophila, and
vertebrate ten-1 homologues; however, they are located at
Fig. 6. The long form of the intracellular domain localizes to the nucleus. Confocal images of wt embryos stained with anti-N (A) and anti-C (D) antibodies. PI
nuclear staining (B and E) and merged images (C and F). The anti-C antibody stains cell membranes and the anti-N antibody stains both membranes and nuclei.
In I, a merged image of PI nuclear staining in red and anti-N staining in green clearly reveals the staining of sub-nuclear structures by the anti-N antibody. Gut
staining with anti-N antibodies reveals a nuclear staining (G) and anti-C antibodies stain the membranes (H). The expression patterns of heat shock-induced
expression of a short intracellular domain GFP fusion construct reveal the same cytoplasmic staining (J) as cytoplasmic GFP alone (K) whereas the long
intracellular domain GFP fusion construct results in a punctuate nuclear staining (L) distinct from the NLS-GFP construct which shows homogeneous nuclear
staining (M).
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be conserved since arginine and lysine stretches are present
at similar positions in the C. elegans, Drosophila, and
vertebrate proteins. Indeed, overexpression of the chicken
teneurin-2 intracellular domain in cultured cells results in its
nuclear localization (Bagutti et al., 2003). Furin recognition
sequences are present at a distance of approximately 140 aa
from the transmembrane domain in all species.
In contrast to Drosophila, where two genes encode two
differentially expressed proteins (Baumgartner and Chiquet-
Ehrismann, 1993; Baumgartner et al., 1994; Fascetti and
Baumgartner, 2002), we found that in C. elegans two
different gene products are derived from a single gene due
to the presence of two promoters. They give rise to twodifferent transcripts that encode large type II transmembrane
proteins differing in their N-terminal sequences. Thus,
despite the existence of a single ten-1 gene, C. elegans
expresses two Ten-1 proteins with distinctive spatial and
temporal expression patterns and thus differential functions
in C. elegans development.
Ten-1 function in cell–cell recognition
The two protein variants differ in their N-terminal
intracellular domains that are either 36 or 218 aa in
length. The extracellular domains with a length of 2419
aa are shared between the two variants. The expression
of the shorter form of Ten-1 regulated by the downstream
K. Drabikowski et al. / Developmental Biology 282 (2005) 27–38 37promotor ten-1b shows the most prominent expression in
the dorsal hypodermis and the anterior leading cell of the
ventral hypodermis during embryonic development and
later is found in a subset of neurons. Its main function
may be the promotion of cell–cell recognition between
hypodermal cells as well as between axons in the ventral
nerve cord, since interference with protein expression can
lead to abnormal hypodermal cell positioning resulting in
an altered body shape, bursting of embryos during
elongation and hatching, and at later stages to the de-
fasciculation of the axons in the ventral nerve cord.
Furthermore, the pathfinding of certain axons is severely
disturbed. Since there is early Ten-1a expression in
descendants of ABp cells, this might be a direct axon
guidance defect caused by interference with Ten-1
expression; however, an indirect effect on pathfinding
caused by morphological disturbances cannot be
excluded. A function in pathfinding is supported by
studies on vertebrate orthologues. All four vertebrate Ten-
1 orthologues called teneurin 1–4 (Minet and Chiquet-
Ehrismann, 2000; Rubin et al., 1999), ten-m1–4 (Oohashi
et al., 1999), or odz-1–4 (Ben-Zur et al., 2000), res-
pectively, show high expression in brain. Furthermore,
the rat teneurin-2 orthologue neurestin has been shown to
be upregulated in olfactory neurons during regeneration
and synaptogenesis (Otaki and Firestein, 1999) and
recombinantly expressed teneurin-1 can affect neurite
outgrowth in vitro (Minet et al., 1999; Rubin et al.,
1999).
Ten-1 function in somatic gonad development
The long form of Ten-1 is encoded by transcripts from
the upstream promotor ten-1a and its expression pattern is
highly interesting. It is already expressed in the germ line
and in all cells during early embryogenesis. Later in
development, it is found among several other locations in
the distal tip cell, a cell of crucial function in regulating
the morphogenesis of the gonad (Austin and Kimble,
1987; Seydoux and Schedl, 2001). This focal expression of
Ten-1 in organizing centers such as Ten-1L in the distal tip
cell and Ten-1S in the anterior leading cell of the ventral
hypodermis is reminiscent of similar observations in
vertebrates where, e.g., teneurin-2 was found to be
expressed in the cells of the apical ectodermal ridge, the
organizing center of morphogenesis of limbs (Tucker et al.,
2001). In accordance with its expression in the distal tip
and sheath cells, we observed multiple phenotypes includ-
ing defects in gonad migration and somatic gonad
development in our experiments of interfering with Ten-1
function by RNAi and gene deletion. Defects in the
germline and the development of germline tumors appear
to be a result of aberrant signaling from the somatic gonad
since the ten-1 (ok641) mutant can be rescued by injection
of a non-complex transgenic array not expected to be
expressed in the germline.Ten-1 signaling by release of the intracellular domain and
translocation to the nucleus
The most interesting finding was the discovery that the
intracellular domain of the long form of Ten-1 can be
detected in cell nuclei. This implies that Ten-1 signaling
functions through proteolytic cleavage of the intracellular
domain and that this domain can subsequently translocate
to the nucleus. Such a mechanism is well known for
other signaling molecules regulating development, the
most prominent example being Lin-12/Notch (Greenwald,
1998). The intracellular domain of Lin-12/Notch and the
intracellular domain of another plasma membrane receptor
SREBP serve as transcription regulators, and ATF6 is a
bona fide transcription factor regulated by intramembra-
nous proteolysis (for review, see Hoppe et al., 2001). We,
therefore, envisage a similar mechanism for Ten-1L and
propose that Ten-1L constitutes a novel member of the
family of membrane-anchored transcription modulators.
Such a mechanism of action is supported by studies with
recombinantly expressed teneurin-2 in cell culture experi-
ments (Bagutti et al., 2003). In the nucleus, the intra-
cellular domain of Ten-1L seems to localize to certain
subnuclear structures. This is reminiscent of the immu-
nostaining of the vertebrate teneurin-2 intracellular
domain which also showed a punctuate staining pattern
that colocalized with PML bodies (Bagutti et al., 2003).
PML bodies are subnuclear structures believed to
function in transcription, DNA repair, replication, and
posttranscriptional regulation of gene expression, and may
represent a storage compartment of proteins involved in
transcription control (Borden, 2002). No PML gene has
been identified in the C. elegans genome, but many other
proteins known to be localized in PML bodies, such as
Sp100, p53, or CBP, exist in the nematode. It should thus
be considered that similar subnuclear structures might
exist in C. elegans as well.
In summary, we have characterized Ten-1 as a novel
transmembrane protein of C. elegans and have demonstrated
its requirement for gametogenesis, early embryogenesis, and
hypodermal cell migration. In later stages of development, it
is involved in neuronal migration and pathfinding, distal tip
cell migration, and the establishment of the somatic gonad.
Furthermore, it is required for pharynx and gut development
as well as for proper defecation.We propose that Ten-1 acts as
a receptor for morphogenetic cues and that it directly signals
to the nucleus by proteolytic release of its intracellular
domain from the cell membrane and by translocation to the
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